INTRODUCTION
Plant factories are year-round production systems that produce a high-quality, safe and steady supply of vegetables in a technologically controlled and automated environment. These systems are costly and consume considerable energy, which lowers their profitability. However, this weakness can be improved by cultivating medicinal plants which are one example of value-added crops. Since medicinal plants are used for medicinal purposes, high quality and safety are required. However, Higashiuchi et al. (2016) previously stated that medicinal plants are imported from foreign countries and quality and cost of the medicinal plants are not stable. Therefore, there is a real demand to promote the domestic cultivation of these plants by an improvement of cultivation technique.
Hedyotis diffusa (family Rubiaceae) is used in Chinese herbal medicine to treat cancer, urinary infections, appendicitis and bronchitis (Takagi et al., 1982) . This species is naturally distributed in the subtropical and tropical zones of East Asia, and its availability depends on the harvesting of wild crops. However, H. diffusa is cultivated with other similar cultivars (Lin et al., 1987; Wee and Keng, 1990) , which can result in contamination and thus a lower-quality product. Therefore, it is considered that the cultivation of this crop in a plant factory would be beneficial in order to prevent from the contamination. However, to allow the year-round cultivation of high-quality H. diffusa in plant factories, it is first necessary to analyse the effects of environmental factors on its growth and the biosynthesis of its medicinal properties.
The main medicinal properties of H. diffusa is the iridoids, which exist in the form of iridoid glycosides. It is considered that iridoid glycosides exist in the vacuole or cytoplasm of plant cell (Kamata, 2009) . It has been reported that H. diffusa contains various types of iridoid glycosides and each of them has a unique medicinal effect (Rui et al., 2016) .
The Iridoid glycosides begins with glucose (Shioi et al., 2009; Takaishi et al., 2010) . Therefore, it is expected that an increase in glucose output through the promotion of photosynthesis will improve the synthesis of iridoid glycosides. Photosynthesis is affected by several environmental factors, such as light intensity, humidity, CO2 concentration and temperature. Higashiuchi et al. (2016) previously showed that a high light intensity and long light period promotes the production of asperuloside, which is one kind of iridoid glycoside. However, Martz et al. (2009) found that high temperatures had a negative effect on the synthesis of iridoid glycosides in Menyanthes trifoliate L. leaves, indicating that a high production of glucose at high temperatures is not directly correlated with high levels of iridoid glycoside synthesis.
In a preliminary study, Mori et al. (2015) The aim of this study was to clarify how the air temperatures during the light and dark periods affect growth and biosynthesis of the iridoid glycoside asperuloside in Hedyotis diffusa. Ten experimental air temperature treatments were established in a growth chamber during the cultivation period: (light/dark period air temperature) 30/15°C, 20/20°C, 25/20°C, 30/20°C, 35/20°C, 25/25°C, 30/25°C, 35/25°C, 40/25°C and 30/30°C. It was found that the stem length and epigeous dry weight were greatest with the 35/25°C treatment, whereas the leaves near the apical buds of the branches became blackened with the 40/25°C treatment, indicating that 35°C represents the upper air temperature limit during the light period for growth without any physiological disorder. By contrast, the asperuloside concentration was high with an air temperature of 25°C or less during the light period and 20°C or less during the dark period, and was greatest with the 25/20°C and 30/20°C treatments. Thus, air temperatures of 25 30°C during the light period and 20°C during the dark period are effective for maximising the asperuloside content in H. diffusa.
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Environ. Control Biol., 56 (2), 73 79, 2018 79, DOI: 10.2525 and the biosynthesis of iridoid glycosides in H. diffusa using a growth chamber at 20/20°C, 25/25°C and 30/30°C (light/dark period air temperature). They found that the epigeous dry weight tended to increase as the air temperature increased while the asperuloside concentration was greatest at 20°C. However, the asperuloside content, which was obtained by multiplying the dry weight by the asperuloside concentration, also tended to increase as the air temperature increased. Therefore, they concluded that the 30°C treatment maximised both the growth and asperuloside content of H. diffusa. In this study, the air temperature was kept constant during the light and dark periods. Therefore, the authors considered that it may be possible to further increase the asperuloside content by applying lower temperature conditions during the dark period to control respiration. In addition, it remained unclear whether a temperature of 30°C would maximize the asperuloside content.
Therefore, the aim of the present study was to investigate how the air temperatures during the light and dark periods affect the growth and iridoid glycoside content of H. diffusa. The iridoid glycoside asperuloside was focused on due to its anti-cancer effects, antioxidant effects and antiangiogenic activity (Kapadia et al., 1996; Lu et al., 2000; Liang et al., 2008) .
MATERIALS AND METHODS

Raising seedlings
In this study, the H. diffusa plants were raised from cuttings rather than seeds, which reduced the required growth period by 10 d. It was not possible to obtain scions with the same characteristics, such as stem diameter and leaf area, from the same mother plant over the long term and so different mother plants were used for each experimental treatment. Cuttings of mother plants were collected from grandmother plants and grown for 2 weeks in a growth chamber (NC200SC; Nippon Medical & Chemical Instruments Co., Osaka, Japan) under a photosynthetic photon flux density (PPFD) of 18 mol m 2 s 1 , a CO2 concentration of 400 mol mol 1 , a relative humidity of 70% and an air temperature of 25°C with a 14/10 h light/dark period. The grandmother plants were discarded every 3 months and new grandmother plants were cultivated to be replaced. Scions of new grandmother plants were collected from old grandmother plants. After raising seedlings, scions for mother plants were cultivated for 4 weeks in a growth chamber (MLR-350; SANYO, Osaka, Japan) under a PPFD of 101 mol m 2 s 1 , an air temperature of 25°C and a 14/10 h light/dark period.
The plants that were used in the experiment were grown from cuttings that were harvested from these mother plants. These cuttings were prepared by the same method used in the previous research . After adjustment of cuttings, 12 scions were placed in a transparent plastic tray (NF box #7; Astage, Niigata, Japan) which filled with a 500 mL solution of half-strength Otsuka A prescription (OAT House No. 1 and No. 2; OAT Agrio, Tokyo, Japan). Following which the trays were covered with polyethylene film to suppress transpiration and placed in a growth chamber (NC200SC; Nippon Medical & Chemical Instruments Co., Osaka, Japan). In total, 48 scions (12 scions 4 trays) were used for each air temperature treatment except the 30/30°C treatment, for which 24 scions (12 scions 2 trays) were used. The scions were grown for 2 weeks under the environmental conditions shown in Table 1 . Fluorescent lamps (FL15EX-N-HG, FL20EX-N-HG and FL40EX-N-HG; NEC Lighting, Tokyo, Japan) were used as a light source and the PPFD was measured at the tray base using a quantum meter (meter: Light Metre LI-250; sensor: LI-190SA; LI-COR, Lincoln, NE, USA). To suppress transpiration, the PPFD was set at the lowest level that can be output in the growth chamber. The solution was replaced once per week, and the polyethylene film was nicked with a knife after 1 week to acclimatise the plants to a lower humidity than 100%.
Plant cultivation
To allow an accurate assessment to be made of the effect of the light/dark period temperature during the cultivation period on growth and iridoid glycoside biosynthesis, all of the plants that were used in each experimental treatment had the same initial condition. Twenty scions with an average stem length of 85 mm were selected for each treatment. These were transplanted into two cultivation plates (240 360 mm; n 10 per plate), each of which was floated onto 10 L of culture solution in a blue solution box (NF box #13; Astage, Niigata, Japan). The two solution boxes were then placed in a growth chamber (BAC-130H; Especmic, Aichi, Japan) and the scions were cultivated for 3 weeks for each experimental treatment. The solution that was used was the same as that used for growing the seedlings and was replaced once per week. Air was pumped into the solution using an air pump (W-600; Nisso Industry, Osaka, Japan) and an air stone (LS-150A; Kainumasangyo, Aichi, Japan).
Ten air temperature treatments were applied in the growth chamber: Table 2 .
Fluorescent lamps (FL40SSW/37 and FL40SW; Panasonic, Tokyo, Japan) were used as a light source and the PPFD was measured at the cultivation plate using a quantum meter. A preliminary study by Hisano et al. (2013) showed that a rapid increase in light intensity and a rapid decrease in humidity during the shift from raising seedlings to transplantation results in light and drying stresses, respectively, leading to poor Environ. Control Biol. growth and a reduction in the iridoid glycoside content. Therefore, the PPFD and a relative humidity were changed gradually to reduce these stresses. The PPFD was set to about 33.6 mol m 2 s 1 from the start of cultivation to 4th d, to about 118 mol m 2 s 1 from 5th to 7th d and to about 135 mol m 2 s 1 from 8th to 21st d. A relative humidity was set to 80% from the start of cultivation to 7th d, to 70% from 8th d to 21st d. The stem length was defined as the length of the main stem and was measured every 2 3 d with a ruler.
Harvesting and drying
The epigeous fresh weight of each plant was measured immediately after harvest using an electric balance (GF-3000; A&D Company, Tokyo, Japan). Since there was a risk that high-temperature drying would denature the medicinal compounds in the plants, the samples were dried naturally at 25°C for 7 d, following which the epigeous dry weight was measured. Samples were then preserved at 20°C in a freezer (KGT-4056HC; Nihon Freezer, Tokyo, Japan) until component analysis.
Component analysis
The asperuloside concentration was determined for four or five dried H. diffusa samples (0.5 g) per treatment using high-performance liquid chromatographyelectrospray ionization-mass spectroscopy (HPLC/ESI/ MS). The analysis was carried out at The Chinese University of Hong Kong using a previously published method . The asperuloside content of the entire plant was then calculated as the product of the average asperuloside concentration and the epigeous dry weight of the plant.
Statistical analysis Statistical tests were conducted using the nonparametric Wilcoxon signed-rank test for the comparison of two treatments and the S method for the comparison of three or more treatments (Shirahata, 1987) .
RESULTS AND DISCUSSION
The stem lengths during the course of the experiment and at the time of harvest for each treatment are shown in Fig. 1 and Table 3 , respectively. The stem length tended to increase as the daily mean air temperature increased, reaching a maximum at 35/25°C. Regarding the dark period temperature, the stem lengths increased as the dark period temperature increased at any light period temperature. In the case of the dark period temperature of 20°C, the stem length linearly increased when the light period temperature increased from 20°C to 30°C, but almost asymptotically from 30°C to 35°C. On the other hand, in the case of the dark period temperature of 25°C, the stem length linearly increased when the light period temperature increased from 25°C to 35°C, but greatly decreased from 35°C to 40°C. Stem elongation is thought to depend on the metabolic activity of cells which itself is affected by air temperature, and so stem growth is promoted at high air temperatures within a certain range. In the 35/20°C and 40/25°C treatments where the stem length was asymptotically or decreased, the possibility of suppression of the stem elongation due to increase of DIF (difference between day temperature and night temperature) was considered. Response to DIF varies depending on plant species, but in chrysanthemums, promotion of stem elongation by the positive increase of DIF has been confirmed (Shimizu and Takano, 2008) . Stem length of H. diffusa was also promoted by the positive increase of DIF, but DIF above 15°C might be ineffective.
Furthermore, in the 40/25°C treatment, leaf blackening which seemed to be tipburn occurred near the apical bud. H. diffusa is distributed from the temperate to tropical zones. The optimum air temperature for stem elongation usually lies between 25 and 30°C for temperate plants and 30 and 35°C for tropical plants (Furuya, 1982) . It was thought that the physiological disorder and the shortening of stem length remarkably occurred because 40°C was higher than the optimum temperature for growth. Therefore, it can be concluded that the upper limit of the light period air temperature that is suitable for the growth Vol. 56, No. 2 (2018) Fig. 2 . The numbers of branches and leaves tended to increase with an increase in daily average air temperature. However, once again, plant growth was suppressed with the 40/25°C treatment compared with the 35/ 25°C treatment as the light period air temperature exceeded the optimal growth air temperature.
Reddening due to the accumulation of anthocyanins of the leaves and stems was observed when the light period air temperature was 25°C or less or the dark period air temperature was 20°C or less. Oka et al. (2016) previously showed that anthocyanins accumulate in H. diffusa plants that are cultivated at 20°C. Anthocyanins have high antioxidant activity and are accumulated as a defence reaction against active oxygen (Dan and Imada, 2002; Shioi et al., 2009) . Thus, as for the treatments where reddening was confirmed, it is possibly considered that many active oxygen was generated and the substance having antioxidant activity increased.
Images of the third pair of leaves from the apical bud of the harvested main stems for each treatment except the 30/30°C treatment are shown in Fig. 3 . The leaf area tended to decrease with an increase in the light period air temperature. The decrease in leaf area with an increase in light period air temperature may have been a morphogenetic reaction to reduce the amount of radiated energy that was received from the external heat source and to prevent the leaf temperature from increasing.
The epigeous dry weights of plants grown under 10 different air temperature treatments are shown in Fig. 4 . The epigeous dry weight was largest at 35/25°C treatment. The epigeous dry weight increased as the light period air temperature increased until reaching a peak value, and then tended to decrease or approach a certain value asymptotically. The observed increase in epigeous dry weight with an increase in light period air temperature was thought to be caused by the promotion of photosynthesis and activation of metabolism with an increase in temperature. By contrast, the epigeous dry weight likely decreased with the Environ. Control Biol. A indicates no significant differences between dark period temperature treatments at 25°C of light period temperature, B and C indicate significant differences between dark period temperature treatments at 30°C of light period temperature, D and E indicate significant differences between dark period temperature treatments at 35°C of light period temperature, a and b indicate significant differences between light period temperature treatments at 20°C of dark period temperature, c, d and e indicate significant differences between light period temperature treatments at 25°C of dark period temperature (comparison between two levels, Wilcoxon signed-rank test [P 0.05]; comparison among four levels, S method [P 0.05]). 40/25°C treatment. Such a reduction in epigeous dry weight is thought to be due to a decrease in metabolic activity at an excessively high temperature and a decrease in the photosynthesis rate as a result of an increase in respiration. Comparing the cases of 20°C and 25°C in dark period, the epigeous dry weight was lower at 20°C than at 25°C under the same light period air temperature, possibly due to translocation suppression at 20°C or less. Plants need to transport photosynthetic products to other organs for growth (Sakurai et al., 2008) and so the inhibition of translocation during the dark period causes not only growth suppression but also a feedback action, where by the photosynthesis rate decreases as the photosynthetic products accumulate in the leaves (Sato, 2002) . It is also possible that root metabolism was depressed due to the solution temperature decreasing with low air temperatures during the dark period since the solution temperature was not controlled, it will have approached the air temperature. At 20°C or less in dark period, the amount of water and nutrients absorbed by the roots are suppressed. Therefore, it was considered that the epigeous dry weight did not increase even the light period temperature increased 30°C to 35°C when the dark period temperature was 20°C because photosynthesis and metabolism were rate-limited by the dark period temperature. The asperuloside concentrations in plants grown under nine different air temperature treatments are shown in Fig.  5 (Note: the asperuloside concentration in plants grown under the 30/30°C treatment could not measure due to issues with the HPLC/ESI/MS system). The asperuloside concentration reached a maximum with the 25/20°C treatment and also showed high values with a light period air temperature of 25°C or less or a dark period air temperature of 20°C or less. Regarding the light period temperature, asperuloside concentration became maximum at 25°C. On the other hand, as for the dark period temperature, asperuloside concentration became the maximum at the lowest temperature of 15°C. Therefore, it was considered that the suitable temperature for the maximization of the asperuloside concentration differs between the light period temperature and the dark period temperature. Also, even when the dark period temperature was 20°C, the asperuloside concentration decreased when the light period temperature was 35°C. Therefore, the condition of light period temperature of 35°C or higher appears to be inappropriate for the biosynthesis of asperuloside.
Vol. 56, No. 2 (2018) The asperuloside concentration was high in treatments in which reddening of the leaves and stems occurred, confirming that this was caused by the accumulation of anthocyanins. Both iridoid glycosides and anthocyanins also exhibit antioxidant activity. Therefore, it appears that the synthesis of asperuloside and anthocyanins was promoted to protect the plants against reactive oxygen species that were generated under low temperature, supporting previous findings in other plants (Dan and Imada, 2002; Zhu et al., 2013) . In general, it was found that the lower the air temperature, the higher the concentration of asperuloside, as previously observed in M. trifoliate (Martz et al., 2009) .
The asperuloside contents of the plants under nine different air temperature treatments are shown in Fig. 6 , while the relationship between the asperuloside concentration and epigeous dry weight is shown in Fig. 7 . The asperuloside content reached the highest value with the 25/20°C and 30/ 20°C treatments. In the 35/25°C treatment, the epigeous dry weight became the maximum, but since the asperuloside concentration was low, the asperuloside content did not increase.
By contrast, although the asperuloside concentration was second highest with the 30/ 15°C treatment, the epigeous dry weight was low due to growth suppression by the low air temperature during the dark period, leading to a relatively low asperuloside content. It is more important that the asperuloside content of H. diffusa is maximised than the asperuloside concentration if it is to be commercially produced, and so both the epigeous dry weight and asperuloside concentration need to be considered.
It was found that the biosynthesis of asperuloside was promoted by setting the air temperature at 25°C or less during the light period or 20°C or less during the dark period in the H. diffusa plants. However, these air temperatures were too low to grow these tropical zone plants well. Therefore it will be difficult to balance the need for a high epigeous dry weight and a high asperuloside concentration in this species. It was possible to cultivate H. diffusa with a high asperuloside content effectively by setting the dark period air temperature to 20°C and the light period air temperature to 25 to 30°C, however. Therefore, further research on the effects of a combination of air temperatures and other environmental factors is required to maximise the dry weight and asperuloside concentration in these plants. CONCLUSION The epigeous dry weight increased with the increase of air temperature and maximized at 35/25°C. However, the asperuloside concentration was high with an air temperature of 25°C or less during the light period and 20°C or less during the dark period. The most effective conditions for the biosynthesis of secondary metabolites are often unsuitable for plant growth and this is evidently also the case Environ. Control Biol. for H. diffusa. The highest asperuloside content was obtained by setting the dark period air temperature to 20°C and the light period air temperature to 25 30°C. Under these air temperature conditions, it was possible to cultivate H. diffusa without any noticeable decrease in epigeous dry weight or asperuloside concentration. In order to improve the asperuloside content obtained in this research, the effect of combining these air temperatures with other environmental factors should be considered in the future.
